Cyclic di-nucleotides (CDN) are potent stimulators of innate and adaptive immune responses. Cyclic di-AMP (CDA) is a promising adjuvant that generates humoral and cellular immunity. The strong STING-dependent stimulation of type I IFN represents a key feature of CDA. However, recent studies suggested that this is dispensable for adjuvanticity. Here we demonstrate that stimulation of IFN-γ-secreting CD8 + cytotoxic T lymphocytes (CTL)
Introduction
Cyclic di-nucleotides (CDN) are conserved second messengers in prokaryotes, having important roles in metabolism, defense and cellto-cell communication (Sureka et al., 2014) . Thus, CDN are surveilled as faithful indicators of pathogen presence in higher eukaryotes, which allows their inclusion as members of pathogen-associated molecular patterns (PAMPs) (Dey et al., 2015) . CDN are also generated endogenously in eukaryotes in the presence of foreign nucleic acids (Gao et al., 2013) . CDN can stimulate innate and adaptive immune responses, thus representing promising vaccine adjuvants (Ebensen et al., 2007; Libanova et al., 2011) . In contrast to most adjuvants licensed for human use or under development, CDN are able to promote both antibody and cytotoxic T lymphocyte (CTL) responses, being active by both systemic and mucosal routes (Ebensen et al., 2011; Wang and Celis, 2015) . CDN interact directly with a stimulator of interferon genes (STING) (Sauer et al., 2011; Yin et al., 2012 ) and other cytosolic mediators, which results in a copious production of type I IFN (Konno et al., 2013; Parvatiyar et al., 2012) . Type I IFN seems to be required for the induction of a proper immune response, particularly in the development of cellular immunity (Durbin et al., 2013; Liu et al., 2011; Levy et al., 2011) . Thus, its CTL generation capabilities renders CDN top candidates not only for prophylactic vaccines, but also for immune interventions in the infection and cancer fields (Fu et al., 2015; Hanson et al., 2015; Demaria et al., 2015; Corrales et al., 2015) , leading to ongoing clinical trials (Aduro Biotech and Pharmaceuticals, 2016) . Nevertheless, the elucidation of the underlying mechanisms of action is a prerequisite for a safe implementation of CDN vaccines. Moreover, it has been recently postulated that type I IFN is dispensable for CDNmediated adjuvanticity (Blaauboer et al., 2014; Hanson et al., 2015) . Considering the body of experimental evidence suggesting that type I IFN can support stimulation of CTL responses (Le Bon et al., 2003; Le Bon and Tough, 2008; Schiavoni et al., 2013; Tovey et al., 2008) , we hypothesized that CDN-mediated activation of type I IFN signaling (and not TNF) must be required for cross-presentation and subsequent CTL generation, a crucial feature for CDN-mediated immune protection.
Our studies demonstrate that CDA promotes a type I IFN-dependent cytosolic cross-presentation pathway that is proteosome and TAP dependent, which is essential for the stimulation of a long-lasting CTL-dependent protection against infection.
, Muller et al., 1994) mice bred at the HZI. All animals were on the C57BL/6 background and were kept under specific pathogen-free conditions. All experiments were performed in compliance with the German animal protection law (TierSchG BGBl. I S 1105; 25.05.1998 ) and were approved by the Lower Saxony Committee on the Ethics of Animal Experiments as well as the responsible state office (Lower Saxony State Office of Consumer Protection and Food Safety), under permit numbers 33.11.42502-04-105/07 and 33.4-42502-04-13/1281.
Immunizations
Mice were immunized s.c. or i.n. in a prime and boost regime (two doses) with a two-week-window between doses. Each dose consisted of 20 μg OVA (or 50 μg OVA for long-lasting memory) (EndoGrade, Hyglos, Germany) and 7.5 μg of CDA (Biolog, Bremen, Germany) or vehicle (PBS, Hyglos and Ampuwa; Serumwerk, Bernburg, Germany). After a two to three-week-window, vaccinated mice were tested for T cell responses or underwent pathogen challenge. Animals used for the analysis of long-lasting CTL memory where maintained for 8.5 months and received an antigen recall (OVA 50 μg) before performing the in vivo CTL assays. Some of the immunized animals were euthanized and spleen and LN were removed for lymphocyte isolation. The cells were then processed for IFN-γ secretion, production of intracellular cytokines and killing assays.
BMDC Generation
Mice bone marrows were diluted to 1 × 10 6 cells/ml in RPMI 1640 supplemented with L-Glu 2 mM (Hyglos GmbH, Germany), 10% FCS, penicillin, streptomycin, gentamycin 50 μg/ml (Gibco, USA), and were culture with the addition of 20 ng/ml GM-CSF (BD, USA), which was replenished every 48 h for 6 days.
Adoptive Cell Transfers for In Vivo Proliferation
CD8 + T cells were isolated from spleen and LN of OT-I mice (Hogquist et al., 1994) using Miltenyi columns and stained with 1 μM CFSE. Then, 2 × 10 6 OT-I CD8 + T cells were injected into the tail vein of WT B6 and Ifnar1 −/− mice. After 24 h, mice were immunized by s.c. route with OVA, OVA + CDA or vehicle (50 μg of OVA and 7.5 μg of CDA per mouse). After 3-4 days of T cell transfer, mice were euthanized and spleen and LN were isolated (Herve et al., 2013) . Proliferation of OT-I CD8 + T cells was measured by CFSE diming by flow cytometry.
In Vitro Cross-presentation
BMDC were loaded with 5 μg/ml OVA ± 5 μg/ml of CDA for 24 h in the presence of cross-presentation inhibitors or vehicle. In the case of US6(20-146), cells were incubated for 48 h, and the inhibitor (see Reagents below) was added during the last 12 h of incubation. CD11c + cells were stained with live-dead exclusion marker and fluorophore-conjugated antibody against CD11c. Then, MHC I-SIINFEKL expression was detected by flow cytometry using the specific antibody conjugated to PE (Biolegend #141603).
In Vivo CTL Assay
In vivo cell lysis by CTL was measured as percentage of specific lysis of cells loaded with either OVA or its immunodominant MHC class I-restricted peptide SIINFEKL. Splenocytes were separated in three groups and incubated with SIINFEKL 1 μM, OVA 1 mg/ml, and vehicle as a negative control for lysis. The cells were stained with 0.05 (low), 0.5 (medium) and 5 μM (high intensity) CSFE, respectively, and then mixed and injected i.v. at 3 × 10 7 cells/mouse. The percentage of specific lysis was calculated based on ratios: percentage of non-pulsed CFSE high cells/percentage of OVA medium or SIINFEKL low pulsed cells. The percentage of specific lysis was then calculated as a normalization to control animals by the following formula: [1 − (ratio from control non-primed recipient mice / ratio from primed recipient mice)] * 100 .
Lymphocyte Isolation, Intracellular Cytokine Staining
Spleens and LN were homogenized by mechanical smashing on cell strainer. Red blood cells from spleens were destroyed by ACK buffer lysis. Lymphocytes were washed with PBS and counted for subsequent subpopulation isolation by positive selection on LS columns (Miltenyi, Germany) or in vitro re-stimulation. For intracellular cytokine staining, lymphocytes were incubated overnight in the presence of antigen (OVA, 20 μg/ml) or vehicle. During the last 6 h of antigenic stimulation, cells were treated with brefeldin (5 μg/ml) and monensin (6 μg/ml). Cells were stained with antibodies specific for surface receptors and live/dead cell marker for 30 min at 4°C (see Reagents below). Cells were then washed in PBS, fixed in 1% paraformaldehyde, and permeabilized with 0.5% saponin, 0.5% bovine serum albumin (BSA) in PBS for 1 h at 4°C. Intracellular staining with cytokine specific antibodies (see Reagents) was performed in permeabilization solution for 45 min at 4°C.
Confocal Microscopy and Confocal IF Analysis
BMDC were cultured in sterile cover slides in 24-or 12-well plates overnight. BMDC were later treated with different combinations of fluorescently-marked DQ-OVA, OVA-FITC in the presence or absence of either inhibitors or CDA. Cells were then fixed with 4% paraformaldehyde in a 4% sucrose solution in PBS at room temperature. Subsequently, reactive aldehyde was quenched by amide (glycine), and cells were permeabilized with 0.1% Triton-×100 in PBS for 5 min. Cells were then stained with primary antibodies against TAP1 (M-18, sc-11465, Santa Cruz), Rab5 (clone C8B1, Cell Signaling) calnexin (C4731, SIGMA) and LAMP-3 (clone NVG-2, anti-CD63 conjugated to APC, eBioscience) overnight at 4°C. After washing, cells were incubated with secondary antibodies (goat anti-rat/mouse/rabbit conjugated to A488, A546 and donkey anti-goat conjugated to A633, or A546, Molecular probes) for 45 min at RT. Nuclei were stained with Hoechst 33258 (Molecular Probes), slides were mounted with Immumount (Sigma). Images were acquired by a Leica TCS SP5 Confocal Laser Scanning Microscope (Leica Microsystems, Wetzlar, Germany).
Data Processing
Flow cytometry data were acquired on a LSR Fortessa with FACSDiva software (BD Biosciences, USA) and were analyzed with FlowJo software (FlowJo, LLC, USA). Other data were analyzed with Microsoft Excel and GraphPad Prism 5 statistical software (GraphPad Software Inc., USA). All observed differences were tested for statistical significance at p ≤ 0.05 by unpaired Student's t-test using GraphPad Prism 5. Image processing was done in Adobe Photoshop (Sedgewick, 2010) (Adobe Systems Inc., USA).
Viral Challenge
Vaccinated animals and controls received 10 5 PFU of the H1N1 PR8 influenza A/WSN/33 (WSN)-OVA(I), which expressed the MHC class Irestricted SIINFEKL epitope from OVA within the hemagglutinin (Topham et al., 2001 ) by i.n. route under anesthesia (isoflurane). Body weight and health parameters (e.g., piloerection and motility) were monitored daily during the first 12-15 days post infection.
Reagents
Leupeptin, Pseudomonas exotoxin A, proteosomal inhibitors lactacystin and MG-132, monensin and brefeldin A were purchased from Sigma-Aldrich (Steinheim, Germany). Primaquine and Z-FL-COCHO (CSI) were obtained from Calbiochem (Darmstadt, Germany), bovine serum albumin was from Roth (Karlsruhe, Germany), saponin from Serva (Heidelberg, Germany) and butabindide oxalate was obtained from Tocris Bioscience (Bristol, UK). DQ-OVA, live-dead UV-blue staining and CFSE were obtained from Molecular Probes (Eugene, Oregon). Anti-mouse antibodies: CD3 (clone 500A2, V500 conjugated) and anti-IL-2 (clone JES6-5H4, APC-Cy7 conjugated) were obtained from BD Bioscience (USA); anti-CD4 (clone RM4-5, PE-Cy7 conjugated), anti-CD11c (clone N418, APC conjugated), anti-TNF-α (clone MPG-XT22, PerCP-eF710 conjugated), anti-CD107a (eBio1D4B, FITC conjugated), anti-NKp46 (29A1.4, eFluor660), anti-IL-4 (clone 11B11, APC conjugated), and anti-Thy1.1 (clone HIS51, Pe-Cy7 conjugated) were obtained from eBioscience Inc. (USA); and anti-CD8 (clone 53-6.7, BV650 conjugated), anti-CD11c (clone N418, PB conjugated), anti-IFN-γ (clone XMG1.2, BV711 and BV785 conjugated), LEAF™ Purified antimouse TNF-α, and mouse recombinant GM-CSF were obtained from Biolegend (USA).
In Vitro Proliferation
BMDC were loaded with 5 μg/ml OVA ± 5 μg/ml of CDA for 24 h in the presence of cross-priming inhibitors or vehicle. CD11c + cells were stained with live-dead exclusion marker and fluorophore-conjugated antibody against CD11c. Then, CFSE-labeled OT-I CD8 + T cells were co-cultured with antigen-pulsed BMDC for 5 days, and their proliferation was then measured by assessing the reduction in CFSE fluorescence intensity by flow cytometry.
IFN-γ Secretion Assay
For CD8 + T cell IFN-γ secretion assay, procedures were performed according kit instructions (Miltenyi, Germany). Briefly, splenocytes from vaccinated animals were incubated with anti-CD8 antibody conjugated to anti-IFN-γ capture antibody at 4°for 5 min, then washed and incubated for 45 min at 37°with continuous rotation for cytokine secretion. Cells were labeled with a PE-conjugated anti-IFN-γ and CD3 and CD8 specific antibodies as well as vital staining for 25 min at 4°, then washed and acquired in flow cytometer.
Degranulation Assay
For the assessment of the NK cell degranulation capacity, splenocytes were co-incubated with YAC-1 target cells (E:T ratio 10:1) and an anti-CD107a antibody for 6 h at 37°C and 5% CO 2 . The internalization of CD107a as well as the cytokine secretion was prevented by adding monensin and brefeldin A (5 μg/ml) to the co-culture after 1 h incubation. After an additional 5 h of incubation, the staining for surface markers as well as intracellular IFN-γ was performed.
TAP Assay
Performed according to Fischbach et al. (2015) , briefly, human PBMC were isolated from buffy coats of healthy donors using a Ficoll (Biocoll, Biochrom AG) gradient. PBMC were seeded in 24-well plates in a density of 1 × 10 6 cells/well and the corresponding wells were incubated for 24 h with CDA to a final concentration of 5 μg/ml. After incubation, cells were harvested with PBS/EDTA 1 mM and stained for flow cytometry with anti CD3 in PerCP (clone UCHT1, Biolegend), anti-CD14 in BV421 (clone MφP9, BD Biosciences), anti-CD19 in Brilliant Violet 510 (clone HIB19, Biolegend), anti-HLA-DR in APC-Cy7 (clone L243, Biolegend) and anti-CD11c in PeCy7 (clone 3.9, Biolegend). After surface staining, 2 × 10 5 cells were semipermeabilized using 300 ng of streptolysin O (Abcam) at 4°C for 15 min and then washed to remove residual streptolysin. Peptide translocation was determined in the presence of 10 mM ATP/ADP and 10 mM NST-F fluorescent peptide in PBS buffer supplemented with 10 mM of MgCl 2 for 15 min at 37°C. The reaction was stopped with 150 μl of PBS/EDTA 20 mM. Cells were analyzed by flow cytometry directly after the reaction was stopped.
Microarray Analysis
BMDC were re-stimulated for 30 min, 2, 6, 24 and 48 h with Ovalbumin (Hyglos, Germany) alone or co-administered with 10 μg/ml CDA, to generate activated cells. Then, total RNA was isolated from collected DCs using Trizol (Invitrogen) and RNeasy Mini cleanup kit (Qiagen, Germany). RNA was quantified using a Nanodrop 1000D spectrophotometer (ThermoScientific, USA) and quality tested with Agilent 2100 Bioanalyser (Agilent Technologies, USA). Microarray data were generated from Affymetrix microarrays. A minimum of triplicate samples were analyzed to reach statistical significance.
The CEL files were uploaded into the geneXplain platform (Koschmann et al., 2015) for the following analysis: microarray measurements were normalized using Robust Multi-array Averaging (RMA) (Irizarry et al., 2003) in the package oligo (Carvalho and Irizarry, 2010) . Differentially expressed genes (DEGs) were identified using limma (Smyth, 2005) for altogether 30 conditions defined by time point, treatment and age. Each condition was compared with control measurements to calculate fold changes (logFC) and significance of expression differences (adjusted p-values). Heatmaps were created using geneXplain platform. The microarray data discussed in Supplementary Fig. 5 and Table 1 were stored in NCBI's public repository Gene Expression Omnibus (GEO) under accession number GSE101466.
Results

CDA-mediated Stimulation of Cellular Immunity Depends on Type I IFN
Th1 responses are critical for the efficient generation of CTL responses, which are a landmark of the CDA-stimulated effector mechanisms activated following vaccination. Thus, we designed a vaccination strategy to simultaneously evaluate the role of type I IFN on CDA-dependent stimulation of Th and CTL responses (Fig. 1a) . Wild type (WT) C57BL/6 mice and Ifnar1−/− mice, which lack type I IFN signaling, were immunized using CDA as adjuvant and ovalbumin (OVA) as a model antigen. Th1 responses were significantly decreased in Ifnar1−/− mice, as demonstrated by the reduction of both the number of cells expressing IFN-γ and TNF-α, and the amount of IFN-γ and TNF-α production (Fig. 1b,c and representative flow cytometry dot plots in Supplementary Fig. 1a) . Furthermore, the number of multifunctional CD4 + T cells producing IFN-γ/TNF-α or IFN-γ/IL-2/TNF-α, as well as the stimulation of mono and multi-functional CD8 + T cells was significantly impaired in Ifnar1−/− mice ( Fig. 1d -h and representative flow cytometry dot plots in Supplementary Fig. 1b ). We found no differences in the frequency of CD8 + T cells between WT and Ifnar1−/− mice after vaccination or in vitro re-stimulation ( Supplementary Fig. 1c ). In addition, CTL responses have been described to be normal in Ifnar1 −/− mice (Muller et al., 1994) . The results obtained for IFN-γ positive CD8 + T cells were confirmed by a gold standard method for CTL detection, which consist of an IFN-γ specific secretion assay (Supplementary Fig. 1d and representative flow cytometry dot plots in Supplementary  Fig. 1e ).
Type I IFN is Essential for CDA-mediated CTL Responses
To further confirm the impact of type I IFN signaling on the generation of IFN-γ producing CD8 + T cells (mainly CTL), we assessed early activation of antigen-specific CD8 + T cells in vaccinated animals using a passive transfer model. To this end, we measured the proliferation of CFSE-stained OVA-specific CD8 + T cells derived from OT-I mice passively transferred into WT and Ifnar1−/− mice 24 h before administration of OVA alone (50 μg) or co-administered with CDA (7.5 μg). Proliferation of OT-I CD8 + T cells was greatly impaired in Ifnar1−/− mice as compared to WT mice (Fig. 2a) . Next we evaluated the cytotoxic activity of the cells stimulated post vaccination by performing an in vivo CTL assay in WT and Ifnar1−/− mice. The obtained results in CDA vaccinated animals demonstrated that the WT group were able to efficiently kill target cells in spleen and lymph nodes (LN), whereas Ifnar1 −/− mice were significantly impaired on its CTL generation (Fig. 2b,c,d ). These results were confirmed for the intra nasal (Fig. 2b, c ) and sub cutaneous (s.c.) administration route (Fig. 2d) , being thus independent of the vaccination route. Also in the s.c. administration SIINFEKL-loaded target cells were killed more efficiently in WT mice vaccinated with CDA + OVA as compared to those receiving OVA alone, whereas no differences were observed in Ifnar1−/− mice (Fig. 2d) . The percentage of lysis in Ifnar1−/− mice was similar as in Goldenticket mice that lack Sting activity (Sting Gt/ Gt). These animals were used as negative controls (Fig. 2d) , since all effector activities of CDN are abolished in them (Sauer et al., 2011) . It has been reported that deficiencies in CTL activity in Ifnar1−/− mice can be affected by overreacting natural killer (NK) cells that deplete the CD8 + T cell subpopulation (Crouse et al., 2014; Xu et al., 2014) . To rule out a potential contribution of this process to the observed phenotype, we assessed the biological activity of NK cells in mice receiving CDA as adjuvant. No significant differences were observed in the IFN-γ production or degranulation capacity of Ifnar1 −/− NK cells compared to WT NK cells. However, NK cell responses were slightly diminished in Ifnar1 −/− mice as compared with WT mice ( Supplementary Fig. 2b ,c). In conclusion, these results demonstrate that vaccinated Ifnar1−/− mice are defective in CTL responses, indicating the key role played by type I IFN in the stimulation of CTL when CDA is used as adjuvant. were analyzed for DQ-OVA processing (green fluorescent signal). Subsequently, cross-presentation of the immunodominant SIINFEKL CD8 + T cell epitope in the context of MHC-I molecules was assessed using the anti-MHC-I-SIINFEKL antibody 25-D1.16 (Porgador et al., 1997) . Injection of CDA + DQ-OVA by i.v. route resulted in significantly increased levels of antigen processing by CD11c + cells as compared to those observed after injection of DQ-OVA alone (Fig. 3a) . Furthermore, the presentation of the processed SIINFEKL peptide in the context of MHC-I molecules was also clearly enhanced in animals receiving DQ-OVA coadministered with CDA (Fig. 3a) . To rule out the contribution of other APC to the observed cross-presentation, we treated mouse splenocytes in vitro with DQ-OVA in the presence or absence of CDA. As expected, CD11c + as well as CD11c − cells (Fig. 3b , upper and lower panels, respectively) are capable of processing DQ-OVA. However, only CD11c + cells were capable of cross-presenting SIINFEKL in the context of MHC-I molecules when CDA was present (Fig. 3b, right panels) . Endotoxin free OVA cross-presentation levels were not significantly different from Medium background in CD11c + gated splenocytes (Supplementary Fig. 3a ) as well as in CD11c + BMDC (data not shown).
Comparative studies were then performed using bone marrow derived dendritic cells (BMDC) from WT and Ifnar1−/− mice to assess if cross-presentation of the SIINFEKL epitope is impaired due to the lack of type I IFN signaling. CDA treatment resulted in significantly increased cross-presentation in cells derived from WT but not from Ifnar1 −/− mice (Fig. 3c) . In order to test if this type I IFN signaling dependent cross-presentation was shared among a different class of Sting ligands, we used DMXXA, as a potent mouse Sting agonist (Deng et al., 2014) . We found that the cross-presentation generated by DMXXA was not significantly impaired in Ifnar1−/− BMDCs when compared to OVA controls ( Supplementary Fig. 3b) . The cross-presentation elicited by CDN was not affected in BMDC from mice deficient for TNF signaling (Supplementary Fig. 3c ), thereby demonstrating that CDN-mediated activation of TNF-α (Blaauboer et al., 2014 ) is dispensable for cross-presentation. In order to assess the specificity of the CDA-induced cross-presentation, we used as control an adjuvant that does not elicit a major type I IFN production but promotes CTL responses (i.e., ISCOMs) (Fossum et al., 2014) . The cross-presentation levels were not significantly different in BMDC derived from WT and Ifnar1 −/− mice treated with ISCOMs (Fig. 3e) . This indicates that the effect of CDA in cross-presentation is dependent on stimulation of type I IFN signaling, and that this is not in turn an artifact resulting from a potentially impaired cross-presentation mechanism in Ifnar1−/− cells.
Characterization of the CDA-mediated Cross-presentation Pathway
Two main mechanisms for cross-presentation have been reported so far. The first, called the "vacuolar pathway", involves intra-vacuolar cathepsines acting on antigen processing and the generation of peptides fitting into the MHC-I groove. The second, the so-called "cytosolic pathway", involves antigen escape from endosomes to the cytosol, with subsequent degradation by the proteosome and subsidiary cytosolic proteases (Lin et al., 2008) . It has also been shown for adjuvanted soluble antigen that cross-presentation in MHC-I is dependent on the export of endocytosed antigen from endosomes to the cytosol via the translocon protein Sec61, proteosomal processing into peptides in the cytosol, and importing back into the endosomes or endoplasmic reticulum (ER) for loading onto MHC-I complexes (Burgdorf et al., 2008) (Fig.  4a) .
Despite the fact that type I IFN has been associated with the capacity to induce under certain circumstances cross-presentation, the underlying mechanism is unknown. Furthermore, even if a mechanism would be known, this would not be universally applicable to the mode of action of CDN. Thus, to assess which cross-presentation mechanism is important in CDA-mediated immunity, we first investigated the effects of selective inhibitors. The inhibitors of the "vacuolar pathway" like leupeptin (a calpain and cathepsin B inhibitor) (Momiyama et al., 2006) and Z-FL-COCHO (a cathepsin S inhibitor) did not affect cross-presentation of SIINFEKL by CDA + OVA or OVA-treated CD11c + cells from WT mice. In contrast, the use of chemicals that affects the "cytosolic pathway", such as lactacystin (a proteosomal inhibitor), significantly reduces CDAmediated cross-presentation (Fig. 4b ). In addition, we found that primaquine, which interferes with the trafficking of recycled endosomes to the cell membrane without affecting the classical endogenous MHC-I presentation at the level of ER or Golgi (van Weert et al., 2000) , also inhibited CDA-dependent cross-presentation (Fig. 4b) . The observation of the involvement of the "cytosolic pathway" is further strengthened by the significant inhibition of CDA-mediated cross-presentation detected using the alternative proteosome inhibitor MG-132 (Fig. 4c) . It was not clear until recently how antigens can escape first from the endosomal compartment in order to reach the proteosome. One of the confirmed mechanisms is the use of the translocon protein Sec61, whose inhibition abrogates cross-presentation . In order to test if this is a part of the cross-presentation pathway enhanced by CDA, we used Pseudomonas exotoxin A, an inhibitor of Sec61 (Baleeiro et al., 2015; . We found that inhibition of Sec61 significantly reduced CDA-triggered cross-presentation (Fig. 4c) . To investigate the potential role of other cytosolic proteases on CDA-mediated cross-presentation, we used butabindide oxalate, an inhibitor of tripeptidyl-peptidase II, an enzyme that trims 15 aa long proteasome-derived peptides into smaller peptides suitable for MHC-I loading (Reits et al., 2004) . Treatment with butabindide oxalate significantly inhibited cross-presentation (Fig. 4d) . Cytosolic peptides have been reported to depend on TAP for cross-presentation (Brossart and Bevan, 1997; Ackerman et al., 2006; Song and Harding, 1996) , since TAP can import peptides from cytosol not only into the ER but also into endosomes Burgdorf et al., 2008) . We observed that inhibition of the TAP transport by a truncated US6 protein (US6 20-146aa) (Burgdorf et al., 2008) significantly decreased CDA-mediate cross-presentation (Fig. 4e) , providing evidence on TAP transport contribution. To further validate these results, we performed a functional TAP assay (Fischbach et al., 2015) . The obtained results confirmed the importance of TAP activity for CDA-mediated cross-presentation. TAP peptide transport was higher in the presence of CDA at different time points, reaching its maximum after 4 h of incubation ( Supplementary  Fig. 4 ). These experimental results were supported by transcriptional profiling of BMDC stimulated with CDA, OVA or CDA + OVA. The results showed that most of the genes involved in the vacuolar antigen processing pathway were not up-regulated over the first 48 h of treatment, containing the most downregulated genes. In contrast, the genes involved in the cytosolic antigen processing pathway (e.g., Tap1, Tap2, Tapbp1 and Psmb8 and 9) were upregulated 24 h post CDA treatment, remaining upregulated for at least 48 h in the CDA + OVA group. Coincidentally, many of these cytosolic antigen processing genes were also type I IFN up-regulated genes ( Supplementary Fig. 5 and Table 1) .
We then confirmed the relevance of the observed differences on cross-presentation of the immunodominant SIINFEKL epitope on cross-priming of CD8 + T cells. BMDC from WT mice treated for 24 h with OVA or OVA + CDA with or without inhibitors were subsequently co-cultivated with CFSE-stained OT-I CD8 + T cells, and their proliferative capacity was then assessed. The activation of CD8 + T cells closely resembled the cross-presentation profiles of SIINFEKL, since the proteosomal inhibitors MG-132 and lactacystin, as well as Sec61 inhibitor Exo A significantly inhibited proliferation ( Supplementary Fig. 6 ). In summary, these results provide strong experimental evidence supporting the fact that CDA stimulates cross-presentation via the "cytosolic pathway".
Microscopic Analysis of Antigen Subcellular Fate in CDA-treated Cells
To further characterize the mechanism of action of CDA on antigen cross-presentation, the subcellular fate of fluorophore-labeled OVA or DQ-OVA was analyzed. Based on the results obtained with the inhibitors, we hypothesized that CDA drives an early antigen processing in the cytosol following escape from the endosomal compartment. For MHC-I loading, it would be expected that the processed peptides should return to vacuoles that contain key processing molecules from the ER, such as calnexin. Thus, we evaluated if CDA-treatment results in co-localization of the processed antigen and calnexin. Incubation of BMDC with DQ-OVA + CDA for 4 h resulted in stronger co-localization signals than cells treated with DQ-OVA alone. Furthermore, large subcellular accumulations of processed DQ-OVA were observed in the absence of CDA (arrows), whereas those spots were reduced in number and size when cells were incubated with CDA (Fig. 5a) . The spatial distribution of the processed antigen was also significantly different depending on the treatment. While BMDC treated with OVA alone displayed the canonical ER perinuclear staining pattern, in CDA-treated cells the spots were scattered in the periphery of the cytoplasm (Supplementary Fig.  7a ). Previous studies showed that after receptor-mediated endocytosis, OVA is incorporated into endosomes that are fused with lysosomes, thereby generating LAMP-3 positive vacuoles (Salik et al., 1999) . However, in CDA-treated cells DQ-OVA co-localization with LAMP-3 was reduced as compared with cells receiving DQ-OVA alone, as demonstrated by the number and size of positive spots (Fig. 5b, arrows) . By using OVA-FITC and antibodies against the early endosomal marker Rab5, we were able to detect increased antigen uptake in the endosomal fraction under CDA treatment after 10 to 20 min (data not shown). We further detected an increased cytosolic antigen signal and a reduction of antigen co- Fig. 5 . Microscopic analysis of antigen processing after CDA treatment. BMDC were treated with DQ-OVA (20 μg/ml) in the presence or absence of CDA (5 μg/ml) for 4 h (right and left panels respectively). a) Antigen processing was visualized in the green channel and ER marker calnexin was visualized in the red channel. In control cells the merged signals show large perinuclear speckles of processed OVA (green areas, arrows), which do not co-localize with the ER marker calnexin. In contrast, a high degree of co-localization is evident in CDA-treated cells, in which only a few tiny speckles of non-co-localizing OVA are observed (arrow). b) Cellular staining for the lysosomal marker LAMP-3 and co-localization with processed DQ-OVA. In the absence of CDA, a high number of co-localization spots are shown (arrows), which are considerably reduced in CDA-treated cells (right panel, arrows). Nuclear staining was performed with Hoechst 33258. Bars = 25 μm. localization within the endosomal compartment (Rab5, red channel) 4 h after a 15 min antigen pulse in CDA-treated BMDC, as compared with cells treated with antigen alone (Supplementary Fig. 7b ). This observation made after 4 h of antigen administration is in agreement with our hypothesis of cytosolic proteosomal degradation for further ER processing during CDA-induced OVA cross-presentation. Altogether, the early presence of cytosolic OVA, the increased co-localization within ER of the processed antigen and its diminished co-localization with the lysosomal marker further support the CDA-mediated cytosolic pathway of antigen processing and cross-presentation.
CDA Adjuvantation of Vaccines Mediates Long-lasting CTL Immune Memory
We next analyzed if long-term protective CTL responses can be obtained following vaccination using CDA as adjuvant. Mice primed and boosted with CDA-OVA on days 0 and 15 received a recall 9 months later (50 μg of OVA) and after 2 additional weeks CTL responses were evaluated (Fig. 6a ). Animals vaccinated with CDA + OVA 323-339 (MHC class II-restricted epitope, negative control) were not able to mount a CTL response against SIINFEKL-loaded cells in spleen and lymph nodes, even after an OVA recall. In contrast, a clear CTL response was observed when cells from spleen and lymph nodes from CDA + OVA-vaccinated animals were tested (Fig. 6b, c) .
Role of CDA-mediated Type I IFN-dependent Stimulation of CTL in Protective Immunity
We next assessed the impact of the type I IFN-mediated cross-presentation pathway in the protective immunity conferred by CDAadjuvanted vaccines (Fig. 7a) . To this end, mice vaccinated with CDA + OVA were challenged with a recombinant H1N1 influenza PR8 strain expressing the MHC class I-restricted SIINFEKL OVA peptide integrated into hemagglutinin (Topham et al., 2001) . In this experimental infection model, OVA-mediated protection is dependent on the stimulation of SIINFEKL-specific CTL. As expected, mice lacking Sting signaling and control WT mice receiving OVA or CDA alone showed significant weight loss after challenge, as compared to WT mice vaccinated with CDA + OVA (Fig. 7b, c) . On the other hand, Ifnar1−/− mice were also not protected, performing as bad as control mice and Sting Gt/Gt animals vaccinated with CDA + OVA (Fig. 7b, c) . These data clearly indicate that type I IFN stimulation is essential for CDA-mediated protective CTL responses.
Additional studies were performed to assess the specific contribution of Ifn-β to both cross-presentation and the stimulation of protective immune responses. To this end, we performed a CTL assay in CDA immunized Ifn-β−/− mice. A reduction in the killing of SIINFEKL-pulsed cells was observed between Ifn-β −/− animals vaccinated with CDA + OVA and the WT counterparts (data not shown). To elucidate if the absence of Ifn-β also correlates with an impaired protection to infection in CDA-OVA-vaccinated animals, mice were challenged with the aforementioned SIINFEKL-expressing PR8 strain. The obtained results show that CDA + OVA-vaccinated WT mice were protected, whereas Ifn-β −/− mice immunized with CDA-OVA showed a significant weight loss on days 5 to 7 post infection (Fig. 7d, e) . These data suggest that Ifn-β is crucial for CDA-mediated stimulation of CTL responses. However, we cannot completely rule out a potential contribution of IFN-α in the stimulation of CD8 + CTL.
Discussion
The generation of type I IFN was alternatively postulated as crucial (Dey et al., 2015) , important (Abdul-Sater et al., 2013) , and also dispensable (Blaauboer et al., 2014; Hanson et al., 2015) for CDN adjuvanticity. In this study we demonstrated that when CDA is used as adjuvant, CTL responses are only promoted in the presence of a functional type I IFN signaling, independently of the administration route. Since CD8 + T cells have been shown to be normally activated and to proliferate in an antigen specific mode in Ifnar1 −/− mice (Dikopoulos et al., 2005) , and the fact that we did not find any Fig1c ), we hypothesized that the cross-priming must be defective due to failed cross-presentation. We showed here that the proliferative capacity of passively transferred SIINFEKL-specific CD8 + OTI T cells and the induction of CTL were significantly diminished in Ifnar1 −/− mice vaccinated with CDA + OVA, as compared to their WT counterparts. A similar decrease was observed in Sting deficient animals, in which CDN signaling is completely blocked. These in vivo CTL responses detected after vaccination indicated a CDA-dependent increment in cross-priming of SIINFEKLspecific CTL in WT mice, which was absent in Sting Gt/Gt or Ifnar1−/− mice. Considering that cross-priming was impaired in Ifnar1 −/− mice, we hypothesized that cross-presentation should also be impaired in their APC in the presence of CDA. The obtained results demonstrated that CDA increases antigen processing on different cell types, but it increases cross-presentation only in CD11c + cells. This effect on CD11c + cells is abrogated by the lack of type I IFN signaling, as shown when BMDC from Ifnar1−/− mice were tested. The fact that the lack of type I IFN signaling does not affect the cross-presentation promoted by other adjuvants such as ISCOMs, confirms both that cross-presentation is intact in Ifnar1−/− mice, and the importance of type I IFN signaling for CDA-mediated cross-presentation. In order to assess if the type-I IFN-dependent cross-presentation pathway induced by CDNs can be also promoted by other Sting ligands, in vitro experiments were performed using DMXAA. The cross-presentation elicited by DMXXA was independent on type I IFN signaling, demonstrating the existence of different underlying mechanisms triggered by Sting ligands. Moreover, we confirmed that CDN-mediated cross-presentation is independent of TNF-α, since CDN significantly increased cross-presentation in Tnfr1a/ b −/− BMDC. Based on pre-existing knowledge on the effector functions of type I IFN, we postulated that the cross-presentation mechanism elicited by CDA must involve a canonical cytosolic pathway for antigen processing. Our experiments with inhibitors showed that CDA-mediated cross-presentation is indeed dependent on proteasomeand TPP-dependent antigen processing. Furthermore, we observed dependency on Sec61, TAP and endosome-to-cell membrane transport. The results showed that not only cross-presentation, but also crosspriming of CD8 + T cells is affected in vitro by inhibitors of the cytosolic pathway of cross-presentation. Nevertheless, to the best of our knowledge the dissection of type I IFN elicited cross-presentation pathway has not been reported before. Thus the results presented here indicates that the cross-presentation pathway favored by type I IFN comprises the export of antigen from endosomes to the cytosol by translocon Sec 61 , cytosolic degradation by proteosome and TPP, and TAP-mediated transport of the generated peptides into an ER like compartment for MHC-I loading. We furtherly confirmed the importance of this pathway by microarray analysis. All together, these data indicate that when type I IFN signaling is disabled there is a failure in the activation of CD8 + T cells by the cross-presentation mechanism triggered by CDA.
As for other described cross-presentation events depending on type I IFN, we can speculate that in the development of this mechanism, APC are able to generate an immune response against soluble antigens from invading pathogens. This will allow mounting a proper cellular killing arm of defense for non-canonically MHC-I-expressed epitopes. This mechanism itself seems to be evolved from cellular components primarily responsible for different cellular tasks. For example, the Sec61 translocon does not regularly export antigens from endosomes to cytosol for cross-presentation, but rather for the ER-associated degradation machinery (Fossum et al., 2014) . The proteasome itself is naturally involved in MHC-I presentation of cytosolic ubiquitinated proteins, whereas the TAP transporter in conjunction with proteasomal processing allow the loading of ER resident MHC-I complexes (Burgdorf et al., 2008) . Due to the need of a prompt response after pathogen pattern alert, this machinery can be used near the cell surface to rapidly load epitopes from endocytosed foreign protein on endosome resident MHC-I complexes. This spatial separation could speed the cross-presentation process in a manner that can change the outcome of the battle against an arising infection. Additional studies showed that animals immunized with CDA + OVA were able to mount a potent cellular response against the immunodominant CD8 + restricted SIINFEKL epitope shortly after an immunological recall with OVA nine months after the last immunization. Thus, the use of CDA as adjuvant promotes cellular immunological memory during long periods of time, a critical feature in terms of prophylactic vaccination.
To assess the biological significance of the type I IFN-dependent CTL responses stimulated by CDA, vaccinated WT and KO animals were challenged with a recombinant influenza virus carrying a CD8 + immunodominant epitope of OVA. The obtained results demonstrated that an intact type I IFN signaling pathway was crucial for achieving protection against viral challenge. In contrast to WT animals, Ifnar1−/− mice were not protected against infection post vaccination with CDA + OVA. Additional studies suggested that IFN-β is a key mediator for this response, since IFN-β−/− mice were susceptible to viral challenge to a similar extent as Ifnar1−/− and Sting Gt/Gt mice.
In conclusion, our studies demonstrated that CTL activation by CDA is strictly dependent on the stimulation of type I IFN-mediated crosspresentation. Type I IFN induction by CDA is also required for optimal stimulation of Th1 responses and induction of multifunctional CD4 + and CD8 + T cells. These findings clarify a key aspect of CDN mode of action, demonstrating that the current assumption that type I IFN induction is dispensable for CDN adjuvanticity should be revised. As demonstrated here, type I IFN is indeed crucial for the most striking capacities of CDN, namely, the stimulation of a CTL response, and the modulation of activity of Th1 cells. This information is crucial for the implementation of CDN-based immune interventions in the clinic, as well as for the generation of CDN derivatives with improved biological properties.
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